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ABSTRACT 
The paper calls attention to the existence of a well-defined zonal anomaly of sea surface 
temperature between the equatorial west and east Indian ocean. The effect of this 
anomaly on ocean-atmosphere exchange and low-level air circulation in the equatorial 
Indian ocean as well as the Arabian Sea are discussed. I t  is shown that phenomena like 
the equatorial westerlies, the double intertropical convergence zone, and the Somali 
Jet receive plausible explanation on the basis of the observed zonal anomaly of ocean 
temperature. The effect of upwelling and its eastward advance in the Arabian Sea 
during the southwest monsoon are discussed in detail and it is suggested that this 
effect through air-sea interaction may change the low-level air circulation over the 
Arabian sea in a manner which may affect the distribution of rainfall along the west 
coast of India as well as inland during August and also explain frequent occurrence 
of feeble low pressure troughs in the southeast Arabian Sea during this period. Vertical 
circulation cells attributable to the observed anomalies of ocean temperature and their 
possible effect upon monsoon circulation and rain are discussed. 
1. Introduction 
The Indian monsoon is the most dominant 
feature of tropical circulations, which is set up 
and maintained by large-scale seasonal tem- 
perature differences between the ocean and the 
continent. During summer, the monsoon wind 
converges towards the hot continent where i t  
rises and then returns to the ocean via the upper 
troposphere. In  winter, the temperature field 
reverses and the circulation is in the reverse 
direction with rising air over the warm ocean 
and sinking air over the cold continent. This 
mean circulation which is controlled by meridio- 
nal temperature differences is, however, con- 
siderably modified by zonal anomaly of conti- 
nental or ocean temperature. Bjerknes (1966, 
1969) has discussed the possible response of 
atmospheric Hadley circulation to equatorial 
anomalies of ocean temperature in the Pacific. 
In  the Indian ocean, similar equatorial anomaly 
of ocean temperature is observed. The paper 
discusses the distribution of this anomaly and 
its possible effect upon atmospheric circulation 
in this region. 
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2. Zonal anomaly of sea surface 
temperature 
If T ,  is the sea surface temperature a t  five 
degree longitude points along a latitude circle 
and T s  the average sea surface temperature 
over the parts of that latitude lying over the 
Indian ocean, the zonal anomaly may be 
defined by AT,, where AT,=(T,-11,). Fig. 1 
shows the values of AT, over the Indian ocean 
between about 25" N and 25" S during Jan.-Feb. 
and July-Aug. 1964, adapted from a paper by 
Miller & Jefferies (1967). The values of Ts are 
given on the ordinate a t  five-degree interval. 
It may be seen that during both the winter 
(January-February) and the summer (July- 
Aug.) monsoon seasons of 1964, departures 
of sea surface temperature from the zonal mean 
are negative over the West Indian Ocean and 
positive over the east Indian ocean, the mean 
dividing line along the equator being about 
60' E. Similar distributions were also obtained 
during 1963 but not presented for lack of space. 
The anomalies over the Arabian sea are pro- 
nounced during the summer as compared to 
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Fig. 1. Distribution of zonal anomaly of sea surface 
temperature AT3 in degree centigrade during 1964: 
(a) Jan.-Feb., ( 6 )  July-Aug. Zonal mean sea surface 
temperature T, is given on the ordinate at 5-degree 
latitude intervals in "C. 
the winter because of the effect of intense up- 
welling caused by strong off-shore winds during 
the summer at the coasts of Somalia and 
Arabia. The progressive eastward movement of 
cold water brought to surface by upwelling 
may be seen in Fig. 2 which shows the longi- 
tudinal position of the 80°F isotherm of both 
water and air during June through October 
1.- 6 I 0' - - - - 6 L - . J , .  
5 5. 
L 
5bE 
Fig. 2. Longitudinal position of average air and sea, 
surface isotherm, 80"F, along 1O"N and 15'N 
during June through October in the Arabian sea. 
along latitudes 10" and 15' N over the Arabian 
sea. Fig. 3 shows the monthly variation of 
mean air and sea surface temperature a t  two 
fixed points, one in south Arabian sea (position 
5"N, 50"E) and the other in south Bay of 
Bengal (position 5" N, 90' E). Data for Figs. 2 
and 3 were taken from Air Ministry (1949). 
It is believed that these temperatures are 
sufficiently representative of conditions in the 
west and east Indian ocean and bring out the 
characteristic difference between the thermal 
energy regimes between the two parts of the 
ocean. In particular, it  may be noted that sea 
surface temperature is greater than air tem- 
perature in the east Indian ocean practically 
throughout the year, whereas in the west 
Indian ocean, the sea surface temperature falls 
markedly below the air temperature during 
the summer monsoon season. As it  will be 
shown later, this difference which is principally 
caused by upwelling of cold water over the 
Arabian sea during the summer monsoon 
months not only accounts for marked dif- 
ferences in the weather and climatic conditions 
over the two parts of the north Indian ocean 
but also has great significance in the context 
of the monsoon circulation and rainfall over 
India. 
3. Ocean atmosphere interaction 
During the IIOE period (1963-64) a large 
number of reports from sea-going vessels in 
the Indian ocean were available at the Inter- 
national Meteorological Center, Bombay. Based 
on these reports, the center (Miller, Sivara- 
makrishnan, and Suryanarayana, 1963) com- 
puted mean energy fluxes across the air-sea 
interface during different months. The fluxes 
computed comprised the latent heat of evapora- 
tion ( Q E )  and the sensible heat (Qh) .  Figs. 4 
and 5 present respectively the values of latent 
heat and sensible heat fluxes during January 
and July 1964. 
Fig. 4 shows the following features: (a) 
During January, latent heat flux is high over 
the central and south Arabian sea as well as 
over the Indian ocean south of about 15"S, 
but low over a wide belt of the east Indian ocean 
extending from near Mauritius to Malaya and 
also over north Bay of Bengal. ( b )  During July, 
the latent heat flux is high over the central 
and south Arabian sea as well as over the south 
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Fig. 3. Monthly variation of average air and sea surface temperatures in (a) the Arabian sea (loca- 
tion, 5" N, 50" E) and (b) the Bay of Bengal (location, 5' N, 90" E). 
Indian ocean as in January but low over the 
equatorial Indian ocean. The belt of high latent 
heat flux over the south Indian ocean appears 
very prominent during July. The distribution 
of latent heat flux during July 1964 as presented 
in Fig. 4, agrees broadly with that found by 
Suryanarayana & Sikka (1965) for 1963. 
Fig. 5 which shows the distribution of sensible 
heat flux (negative values indicate downward 
fluxes) shows the following features: (a) During 
January, sensible heat flux is positive over 
most of the Indian ocean north of about 15" S 
except a small area in equatorial west Indian 
ocean. High upward fluxes appear over most 
of the Arabian sea and the northern part of 
the Bay of Bengal as well as over a wide belt 
of the east Indian ocean with maximum values 
about 5" to 10" south of the equator. Low 
values of positive sensible heat flux appear over 
southeast Arabian sea and central Bay of 
Bengal. (b) During July, a wide area of negative 
sensible heat flux appears over the west Arabian 
sea with values exceeding - 40 gm-cal/cmP/day 
near cape Guardafui and a small area of feeble 
negative sensible heat flux off the east coast of 
Indian peninsula. Positive values of sensible 
heat flux appear generally over the east Indian 
ocean with maximum values of about 20-30 
gm-cal/cm*/day along about 5" south of the 
equator. 
The response of the atmosphere to the above 
distribution of heat energy fluxes may now be 
considered. Broadly, non-adiabatic heating or 
cooling of the atmosphere through the air sea 
exchanges will affect the temperature, pressure, 
humidity, and the vertical stability of the lower 
atmosphere. The equation of continuity for 
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water vapour demands that flux divergence 
should balance the difference between the 
rates of evaporation and precipitation in any 
volume of air. Hence one may expect water 
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Fig. 4 .  Distribution of latent heat of evaporation 
over the Indian ocean during 1964: (a) January, 
(b) July. Unit: gm-cal/cme/day. 
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vapour to diverge from areas of high evapora- 
tion over the west Arabian sea and the south 
Indian ocean where there is little precipitation 
and converge to areas of low evaporation over 
the equatorial east Indian ocean to become 
available there for condensation and precipita- 
tion. The release of latent heat of condensation 
will lead to atmospheric heating. This appears 
to be an important point, for although water 
vapour diverges from areas of high evaporation, 
the latent heat becomes available for atmo- 
spheric heating in areas of condensation and 
precipitation only. Continued non-adiabatic 
heating of the atmosphere in areas of condensa- 
tion and upward sensible heat flux will lead to 
lowering of atmospheric pressure, and cooling 
of the atmosphere in areas of high evaporation 
and downward sensible heat flux will lead to  
raising of pressure. Fig. 6 shows the equatorial 
distribution of m.s.1. barometric pressure as 
well as mean sea surface temperature during 
July 1964. The data of sea surface temperature 
east of 97.5" E relates to 2.5" S latitude since 
data along the equator in this region were not 
available. It may be seen from Fig. 6 that the 
distribution of m.s.1. barometric pressure is 
highly correlated with the mean sea surface 
temperature, high pressure appearing over cold 
sea in the west and low pressure over warm sea 
in the east. 
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Fig. 5 .  Distribution of sensible heat flux over the 
Indian ocean during 1964: (a) January, ( b )  July. 
Unit: gm-cal/cm2/day. Negative values indicate 
downward flux. 
4. Effect on airflow 
( a )  Equatorial Westerlies 
The response of the atmosphere to anomalies 
of sea surface temperature would seem to set up 
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secondary air circulations. Perhaps, the most 
conspicuous of these in the equatorial Indian 
ocean are the equatorial westerlies, no fully 
satisfactory explanation for which has yet been 
advanced. The bending of the southeast trades 
of the southern hemisphere on approaching 
the equator during the northern summer was 
first noted by Meinardus (1893). Later, it  was 
noted that during the northern winter also, 
the northeast trade winds of the northern 
hemisphore undergo similar transformation 
into equatorial westerlies in some regions on 
approaching the equator. But observations 
show that equatorial westerlies are more of a 
characteristic feature of the east Indian ocean 
than the west Indian ocean. Raman (1965) 
had hinted a t  a possible connection between 
eqiiatorial westerlies and distribution of sea 
surface temperature in the Indian ocean, but 
no dctailed discussion of the type of connection 
that may exist is presented. As shown in Fig. 6, 
the presence of a secondary high pressure ridge 
over the west Indian ocean and a low pressure 
over the east Indian ocean that develop in 
response to zonal anomalies of sea surface 
temperature would accelerate air along the 
equator under the observed pressure gradient 
which runs from wcst to east, giving rise to the 
westerlies. Matsuno (1966) in a theoretical 
treatment has shown the feasibility of such 
westerly winds when mass sources and mass 
sinks in the form of high pressure and low 
pressure are introduced along the equator in the 
manner doscribed above. 
(b)  Double equatorial trough or intertropical 
convergence zone 
The tcndency for the trade winds approaching 
the equator to turn into the equatorial wester- 
lies in response to equatorial anomalies of sea 
surface tcmperature leads to the formation of 
the so-called double ITCZ, one in each hemi- 
sphere, in the Indian ocean region. The general 
low pressure area over the warm equatorial 
waters, is separated by the equatorial westerlies 
resulting in two troughs, one north of the equa- 
tor and the other south of the equator. According 
to this concept, one may see that the presence 
or absence of equatorial westerlies or, for that 
matter, the double equatorial troughs on any 
occasion is very much dependent uron equatorial 
anomaly of sea surface temperature. It is only 
when a large warm area lies across the equator 
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extending into both the hemispheres that these 
winds and troughs should be expected. This may 
explain why equatorial westerlies as well as 
double equatorial troughs or ITCZs are not a 
permanent feature of the Tropics over the whole 
globe but appear only when and where the 
above conditions are fulfilled. It is a fact in 
those regions where warm equatorial water 
extends int)o both the hemispheres and may be 
seen, on global basis, in the Pacific as well as 
the Indian occan. 
(c) Somali Jet 
A most interesting case of atmospheric 
interaction with the underlying surface in the 
Indian ocean region occurs in the West Indian 
ocean near the coast of Somalia during the 
northern summer monsoon. This is the Somali 
Jet  (Findlater, 1969). As noted before, the sea 
surface near the coast of Somalia is extremely 
cold with a mean temperatiire which is even 
lower than 24°C during this period and by 
contrast the northeastern part of the continent 
of Africa is extremely hot ( - 34°C). The steep 
pressure gradient that develops across the 
Somalia coast in response to thesc extreme 
temperature differences guides a system of 
very strong low-level winds over the west 
Indian ocean known as the Somali Jet. An 
explanation of these winds, based on air-sea 
interaction, was first offered by Bunker (1965). 
( d )  Low-level circulation over the Arabian 8ea 
and monsoon rain 
The ridge of high barometric pressure that 
develops over the Arabian sea off the coast of 
Somalia during June and progressively shifts 
eastward as cold water advances towards India 
during July and August appears bo bring about 
a profound change in the low-level air circula- 
tion over the Arabian sea. In June, when the 
ridge lies near the coast of Somalia, the winds 
over practically the whole Arabian sea blow 
from a direction between west and southwest. 
Even during July when the ridge advances 
eastward, there is little change in the direction 
of the wind except in the central parts of the 
Arabian sea where slight veering is observed. 
Sometime during August, the tongue of cold 
water and the associated pressure ridge reaches 
its maximum eastward position to about 69' E 
longitude (Fig. 2). In  this position, the air 
flow over the Arabian sea is markedly affected. 
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There is general veering of the winds especially 
over the east Arabian sea where the wind now 
blows from a direction between west and north- 
west. This change in wind direction appears 
very significant, for it may mean that monsoon 
flow across the northern part of the west coast 
of India is suddenly weakened, resulting in 
deficient precipitation not only over the coast 
but also inland. If the flow is directed towards 
south India, it may be that the southern part 
may experience more rain than tho northern 
part. During this period, a number of low level 
pressure troughs are also observed to form in 
the southeast Arabian sea off the west coast of 
India. It is plausible that a large proportion of 
these troughs are generated in situ between the 
high pressure area over the south Indian 
peninsula and the Arabian sea high pressure 
ridge approaching the coast of India in the 
manner described above. 
5. Secondary vertical circulation cells 
Lastly, the paper considers the possibility of 
local or regional vertical circulation cells arising 
in both meridional or zonal planes, in response 
to observed anomalies of sea surface tempera- 
ture in the Arabian sea as well as in the eqiia- 
torial Indian ocean. During the northern sum- 
mer, a vertical circulation cell with its descend- 
ing branch over the west Arabian sea near the 
coast of Somalia and ascending branch over the 
east Arabian sea near the west coast of India 
would seem to be in order. This will have W/SW 
winds in its lower limb and E/NE winds in the 
upper. Another vertical circulation cell may be 
visualised across the coast of Somalia with its 
descending branch over the cold waters and 
ascending branch over the hot desert land of 
Somalia and Eritrea. An Equatorial vertical 
circulation cell with its ascending branch over 
the warm eqiintorial waters of the east Indian 
ocean and descending branch over the cold 
waters of the west Indian ocean ‘Is a distinct, 
probability. It will have equatorial westerlies in 
its lower limb and equatorial easterlies in the 
upper limb (above about 500 mb level). Such 
east-west equatorial circulation has been termed 
“Walker circulation” by Bjerknes (1969). 
Secondary meridional circulation cells may also 
be set up between the warm equatorial waters 
and the cold waters that lie in the south Indian 
ocean. 
It is possible that the above vcrtical circiila- 
tion cells have important effects upon monsoon 
circulation especially its interhemispheric ex- 
changes. The formation of a strong Walker 
circulation along the equator with its rising 
branch over the east Indian ocean and descending 
branch over the West Indian ocean in response 
to equatorial anomalies of ocean temperature 
is likely to divert the moisture-bearing lower- 
tropospheric trade winds which ordinarily 
cross the equator in the west Indian ocean with 
strong meridional components into air currents 
with strong westerly components with the result 
that interhemispheric exchanges may be re- 
duced. Such reduction of air and moisture fluxes 
from the southern hemisphere during the SW 
monsoon may considerably affect monsoon 
rainfall over India. 
6. Conclusion 
Tho paper calls attention to existencc of 
zonal anomalies of Sea surface temperature in 
the Indian ocean region and its possible cffect 
upon the monsoon circulation. Some of the 
outstanding features of the monsoon circulation, 
such as the equatorial westerlies, the double 
equatorial trough or ITCZ, the Somali Jct  and 
secondary vertical circulation cells appear to  
find plausible explanation in terms of the 
observed anomalies of ocean temperatiire. Pos- 
sible effect of the secondary circulation cells 
arising oiit of anomalies of ocean temperature 
upon monsoon rainfall over India is briefly 
disciissed. 
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3 0 H A J I b H A R  AHOMAJIBR TEMnEPATYPbI nOBEPXHOCTB MOPR B 3HBA-  
TOPBAJIbHOm q A C T B  BHAMmCKOI'O OKEAHA B EE B03MOXHOE BJIMRHLlE 
HA MYCCOHHYK) ~ B P K Y J I R I ~ B K )  
HbIX BOA II I IX  p a C I I p 0 C T p a H e H H H  H a  BOCTOK B 
A p a B I I A C K O M  M o p e  BO B p e M f I  IOrO-3aIIaAHOI'O 
MyCCOHa.  B b I A B H r a e T C f i  I I p e A I I O J I O X e H U e ,  YTO 
3TOT 3@@KT, BCJIeflCTBEfe B3aHMOAefiCTBAFI 
O K e a H a  II aTMOC@epbI ,  MOHEeT I I3MeHIITb  q H P K y -  
JIHqIIIO HMHEHHX CJIOeB a T M O C @ e p b I  H a A  Apa- 
BHfiCKHM M O p e M  H TeM CaMbIM IIOBJIIIRTb H a  p a C -  
n p e A e n e H a e  o c a a K o B  B H o n b  a a n a ~ ~ o r o  Bepera 
HHAIIII M H a  c a M o M  M a T e p m e  B a s r y c T e .  Y K a -  
3 a H H b I f i  3 @ @ e K T  06 'b f lCHReT TaKHEe YaCTyIO 
IIOBTOPReMOCTb cna6on AeI IpeCCHH H a  IOrO- 
BOCTOKe A p a B I I f i C K O r O  M O P R  B 3TOT I IepHOA.  
O6CYHEgaH)TCH B e p T I I K a J I b H b I e  H s e f i K H  U I I p K y -  
JIRUMII, Bb13bIBaeMbIe  aHOMaJIMRMH T e M I I e p a T y p b I  
O K e a H a ,  II I IX  BOBMO?KHOe BJIHRHIIt? H a  MYCCOH- 
HYIO q H p K Y J I f l q I f I O  M OCBAKH. 
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